Abstract Meteorological and glaciological data obtained over an intensive 2 year measurement period (2000)(2001)(2002) are used to run a physically based climatic mass balance model to characterize a seasonal variability in mass and energy exchanges at Summit, Greenland. The model resolves the full surface energy balance and the subsurface temperature profile by inclusion of energy release from penetrating shortwave radiation. A Monte Carlo approach using 1000 different parameter combinations is adopted to assess model uncertainty, with output compared to measured surface and subsurface temperatures, changes in surface height, and eddy correlation data. The heat exchanges associated with the change in phase of water are very small in all seasons, with the average turbulent latent heat flux equal to 0.4 (±0.2) W m
Introduction
Our understanding of the stability of the Greenland ice sheet (GrIS) has changed considerably over the last 2 decades, and it is now well established that the largest source of freshwater in the northern hemisphere [Bamber et al., 2013] is contributing to sea level rise Shepherd et al., 2012] . Evidence has been carefully compiled to demonstrate that surface melting and run off and ice discharge from marine-terminating outlet glaciers have been primarily responsible for the increase in freshwater input into our oceans. Until recently, the retreat and acceleration of glaciers along the margins of the GrIS [e.g., Howat et al., 2007; van de Wal et al., 2008; Joughin et al., 2010; Sundal et al., 2011; Moon and Joughin, 2008; Moon et al., 2012] have contributed to at least half of the observed mass loss. However, it now appears likely that a change in the surface mass balance (MB) has become the most important factor controlling mass loss through the increase in surface melting and run off [e.g., Enderlin et al., 2014] . The change in melt pattern, which is characterized by an increase in the areal extent and duration of surface melt, complicates efforts to establish the mass budget of the GrIS, as the fate of meltwater in firn and snow at higher elevations is poorly constrained [Harper et al., 2012; Forster et al., 2014] . For example, the identification of substantial areas of meltwater in liquid form that have persisted through winter demonstrates that the passage of meltwater from ice sheet to ocean is complex [Harper et al., 2012] , which has important implications on both the mass and the energy budget of the GrIS. Tedesco et al., 2013] was much less expected. The 2012 melt event demonstrated that the dry snow zone, which has traditionally accounted for slightly more than 40% of the ice sheet surface area [Ohmura et al., 1999] , is no longer out of harm's way from the impacts of surface melt. Should such events become more frequent in the future [e.g., McGrath et al., 2013] , we could witness the demise of the last substantial dry snow facies in the northern hemisphere. To assess the likelihood of this happening, it is essential that we continue to establish linkages between large scale atmospheric circulation and surface melt Hanna et al., 2013a Hanna et al., , 2013b Tedesco et al., 2013] . This requires us to also consider whether global warming has affected atmospheric circulation in such a way as to enhance widespread melt events.
To assess whether the GrIS can survive a decrease in the extent of the dry snow zone, it is imperative that we understand the processes that allow mass to accumulate. The first step toward this goal is to establish the variability in snow accumulation for the GrIS, which has been determined using ice/firn cores and coastal precipitation records [e.g., Ohmura and Reeh, 1991; Calanca et al., 2000; Bales et al., 2001a Bales et al., , 2001b Bales et al., , 2009 ], global climate model simulations [e.g., Thompson and Pollard, 1997; Ohmura et al., 1999] , atmospheric reanalysis data [Hanna et al., 2001 [Hanna et al., , 2006 , and regional climate models (RCMs) [e.g., Dethloff et al., 2002; Box et al., 2004 Box et al., , 2006 Box et al., , 2013 Fettweis, 2007; Ettema et al., 2010a Ettema et al., , 2010b Rae et al., 2012; Fettweis et al., 2013a] . The advantage of using RCMs is that mass loss associated with water vapor exchanges can be explicitly accounted for, which is critical when determining variations in accumulation and/or surface MB. The Greenland Climate Network (GC-Net) , the Programme for Monitoring of the Greenland Ice Sheet [van As et al., 2013] , as well as the automatic weather stations (AWSs) and glaciological measurements along the Kangerlussuaq transect [van de Wal et al., 2012] , have been essential in assessing the skill of RCMs. Despite the impressive advances being made in refining these models, which has allowed the uncertainties in estimating MB to be narrowed, there is still a need for detailed atmospheric and glaciological measurements to be undertaken on the GrIS. Direct observations remain critical in efforts to explicitly resolve the atmospheric controls on the surface energy balance (SEB) that ultimately lead to more robust estimates of MB.
Recent progress has been made in the ablation area of the GrIS van den Broeke, 2008a, 2008b; van den Broeke et al., 2008a van den Broeke et al., , 2008b van den Broeke et al., , 2008c van den Broeke et al., , 2011 , but less is known about the atmospheric processes governing the seasonal variability of the SEB in the dry snow zone. Instead, much of the focus has been on characterizing surface-atmosphere exchanges to determine the physical processes responsible for the deposition of chemical species in snow and later ice [e.g., Bottenheim et al., 2002] . A number of detailed experiments carried out at Summit, near the top of the GrIS, has improved our understanding of the characteristics of the atmospheric boundary layer, in particular the weak instability of the atmosphere in summer [Cullen and Steffen, 2001] , the intermittent nature of turbulence in stable conditions [Cullen et al., 2007b; Drue and Heinemann, 2007] , and the processes controlling the divergence of longwave radiation [Hoch et al., 2007] . The role the shortwave radiation penetration has on the energy budget has also been explored [Kuipers Munneke et al., 2009] . Some attempts have been made to characterize the SEB beyond a summer season [e.g., Albert and Hawley, 2000; Cullen, 2003; Hoch, 2005] , but given the recent observed changes in melt extent over the GrIS and warming in its interior [McGrath et al., 2013] , it seems timely to carefully reassess the SEB in the dry snow zone and to consider what changes to MB might occur if warming continues. One of the key motivations for doing so is to assess whether mass is being gained or lost at the higher elevations through water vapor exchange, which directly influences the mass budget of the GrIS. The transfers of water vapor in the interior are small and a challenge to account for in RCMs, so there is merit in conducting a careful assessment of the SEB using an observational data set.
Thus, the aim of this study is to describe the seasonal variability of the SEB at Summit using 2 years of highquality atmospheric and glaciological data. We use the surface layer similarity theory to calculate the turbulent sensible and latent heat fluxes from AWS observations, which are validated using eddy correlation measurements. Our observations and modeling approach allow us to assess the uncertainty surrounding sublimation in the dry snow zone and to demonstrate why determining the sign and magnitude of this flux is important in the assessment of MB under climate change. First, we describe the methods in section 2, including a description of the model used to calculate the energy and mass balance terms, followed by results (section 3), a brief discussion (section 4), and conclusions in section 5.
Methods

Site Description and Instrumentation
Meteorological and glaciological data used in this research were obtained between 18 June 2000 and 17 June 2002 at Summit, Greenland (72.58°N, 38.51°W, 3203 m above sea level), which is located on the northern dome of the GrIS, approximately 29 km west of the highest point. Since the successful extraction of the GISP2 ice core in the 1990s, Summit has become a year-round observatory, providing an ideal location for snow and atmospheric research in the dry snow zone. Our interest in the dry snow zone stems from the fact that more than half of the total net accumulation (or mass gain) of the GrIS occurs in this region [Ohmura et al., 1999] . Thus, to understand the mass balance of the GrIS, it is essential to have a detailed understanding of the physical processes controlling mass gain and loss in this elevated area.
Details of the instruments will only be provided briefly here as they have been described carefully elsewhere [Cullen and Steffen, 2001; Cullen et al., 2007b] . Three AWSs were installed approximately 50 m to the southwest of the long standing Science Tower at Summit to obtain: (1) profile measurements (air temperature, relative humidity, and wind speed) at three levels, as well as barometric pressure, surface height, and wind direction (AWS1); (2) broad spectrum (four component) radiation measurements and snow temperatures (AWS2); and (3) turbulence measurements (eddy correlation) at two heights (AWS3) ( Table 1) . It should be noted that these AWSs were installed independently from the GC-Net AWS at Summit [e.g., Steffen and Box, 2001] , which is located approximately 2 km to the west of the Science Tower and the instruments used during the Greenland Summit experiment by Eidgenössische Technische Hochschule (ETH) Zurich [e.g., Hoch et al., 2007] . The ETH measurements were obtained in close proximity to the AWS installed for this research as well as on the 50 m Swiss Tower (200 m to the east of Science Tower).
Profile measurements of air temperature, humidity, and horizontal wind speed were initially installed at 0.5, 1.0, and 2.0 m above the snow surface (AWS1). The Met One T200 (temperature) and 083D (relative humidity) instruments were housed in motor-aspirated radiation shields (Met One, 077). All instruments, including wind direction, surface height, and barometric pressure were sampled every 5 s and stored as 10 min averages on a CR10X data logger (Campbell Scientific Inc. (CSI)). A four component pyrano-pyradiometer housed in a heated ventilation unit (Kipp and Zonen (KZ) CV2) was used to measure downward (SW↓) and upward (SW↑) broadband shortwave radiation (KZ CM21) and downward (LW↓) and upward (LW↑) broadband longwave radiation (KZ CG4). The instruments were mounted initially at a height of 1.8 m (AWS2), sampled every second, and averaged every 10 min in the first year of measurements and every minute thereafter using a CR10X data logger (CSI). Snow temperatures were measured using thermistors at 16 depths and sampled every hour using a 21X data logger (CSI). The initial depths of the near-surface thermistors were 0.1, 0.3, 0.5, 0.75, 1.0, 1.5, 2.0, and 2.5 m below the surface. The remaining thermistors were installed between 3 and 10 m below the surface and separated by 1 m. Eddy covariance data used in this study were collected during two The three AWSs were installed in close proximity to the Science Tower at Summit [Dibb and Fahnestock, 2004 , Figure 1 ]. The accuracy of the radiation instruments is given as estimated accuracy of daily totals (EADT), as indicated by van den Broeke et al. [2004b] for similar sensors. The accuracy of the eddy covariance instruments is sensor resolution as defined by the manufacturers. . Two three-dimensional sonic anemometers (CSI CSAT3) with fine wire thermocouples (FW05) and two ultraviolet hygrometers (CSI KH20) mounted at 1 and 2 m above the snow surface (AWS3) were sampled at 50 Hz using a CR5000 data logger (CSI). The steps taken to postprocess the eddy covariance data are described in detail by Cullen et al. [2007b] . Treatment of all other data is briefly described in the following section.
Data Treatment
Problems with the motor-aspirated radiation shields (Met One, 077) in the second year of measurements resulted in a degradation of the air temperature and relative humidity measurements on AWS1, which led to the decision to use air temperature, relative humidity, and wind speed data from a single height from the GC-Net AWS for modeling purposes over the 2 year measurement period. The disadvantage of this approach is that the GC-Net AWS was located about 2 km to the west of the primary measurement site, but a comparison of the first year of data from both sites showed satisfactory agreement between the two locations. The root-mean-square differences (RMSD) for air temperature, relative humidity, and wind speed obtained at the two sites were 1.7 K, 6.3%, and 0.8 m s À1 , respectively. The GC-Net AWS design and correction of data, including the procedure to recalculate relative humidity data to account for saturation with respect to ice rather than liquid water, are given by Box and Steffen [2001] . Because the temporal resolution of GC-Net data was 60 min, all other AWS and eddy correlation data were averaged to the same temporal interval.
A record of surface height change was obtained from weekly measurements collected by technicians from an accumulation forest of 100 stakes [Dibb and Fahnestock, 2004] , located approximately 200 m to the south of AWS1. Obtaining access to this remarkable and unique data set of surface height change was one of the primary reasons for revisiting the measurement period used in this study. Although surface height records were available from sonic ranging sensors from AWS1 and the GC-Net AWS (2 sensors) over the same period, they were compromised by data gaps due primarily to riming of sensors during winter. Despite having a robust record of surface height change, determining precipitation from the forest data was not attempted (and not possible on a daily basis); instead, daily precipitation was obtained from the regional climate model MAR [Fettweis et al., 2013a] . Further details about the precipitation data are provided in section 2.3.
To reduce errors associated with the cosine response of the SW↓ sensor associated with low Sun angles (high zenith angles), albedo (α) was calculated using an accumulated albedo approach using the ratio of the sum of SW↑ and the sum of SW↓ over a day [van den Broeke et al., 2004b] . The heated ventilation unit for the four component radiation sensors enabled high-quality radiation data to be obtained; although riming on sensors was not completely avoided, compromising the quality of SW↓ and LW↓ data. Detection of these events was achieved by assessing irregularities in α (>0.95); SW↓ over hourly intervals were calculated as SW↓ = SW↑/α (accumulated) on such occasions (<2% of data). LW↓ was parameterized during riming events (<5% of data) by developing a relationship between LW↓ and air temperature and vapor pressure measurements during unaffected days using a quadratic polynomial regression [e.g., Gillett and Cullen, 2011] .
Model Description
The MB model used in this study calculates the climatic MB from three mass gain terms (solid precipitation, surface deposition, and refreezing of liquid water in the snow) and three loss terms (surface and subsurface melt and surface sublimation). As it is described in detail by Mölg et al. [2008 Mölg et al. [ , 2009 Mölg et al. [ , 2012 , we only provide a brief summary here. The model resolves the full SEB, as well as the temperature profile in the subsurface by inclusion of energy release from penetrating shortwave radiation and refreezing and energy consumption due to subsurface melting. The surface temperature (T sfc ) represents the interface between surface and subsurface processes and here is chosen to be solved iteratively [Mölg et al., 2008] . This means that it takes a value such that all the energy fluxes at the surface are in equilibrium every time step, assuming an instantaneously reacting surface "skin" layer. This solution is problematic in climates with a strong diurnal cycle like the tropics [Mölg et al., 2008 [Mölg et al., , 2009 ] but has proven to be reliable in polar climates [e.g., van As et al., 2005; van den Broeke et al., 2006; Hoffman et al., 2008] .
To solve the SEB, we used the maximum number of measurements available to us (section 2.1) to force the model at hourly steps (60 min): SW↓, LW↓, albedo, air temperature, relative humidity and wind speed at 2 m
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above the surface, and air pressure. This input was used to determine LW↑ (from the calculated T sfc ), the fluxes of turbulent sensible (QS) and latent (QL) heat, the conductive heat flux (QC) and penetrating shortwave radiation (QPS) in the subsurface (the sum of the two yields the ground heat flux, QG), and the energy flux from precipitation (QPRC). The latter was negligibly small in all runs so it is not analyzed further here. The sign convention used in this study ensures that fluxes directed toward the surface are positive. As discussed in section 2.2, it was not possible to determine daily snowfall amounts reliably from the SR50 data, and other measurements of precipitation at the required temporal resolution were not available. To fully resolve MB, daily precipitation input was sourced from the regional climate model MAR (version 2) for the Summit location [Fettweis et al., 2013a] and was distributed equally over the hours of precipitation days. This approach is not new, with output from regional atmospheric models used successfully in other environments where precipitation data have been difficult to obtain [e.g., Mölg et al., 2012; van Pelt et al., 2012] .
At the lower boundary, the model used a fixed temperature at 10 m depth (see below) where measurements indicate an almost constant temperature. The other subsurface layers were at depths of 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, 1, 1.5, 2, 3, 5, 7, and 10 m and remain at these depths throughout a model run. Together with the 60 min time step, this setup delivered numerically stable solutions. The temperature profile for model initialization on 17 June 2000 was also specified from the subsurface measurements. The initial snow density in the uppermost 1.2 m was assigned from snow pit measurements obtained on 12 June 2000. This was the depth at which the stakes from the accumulation forest (see section 2.2) were anchored in the ground [Dibb and Fahnestock, 2004] , and thus, it was the relative level to which the stake measurements were capturing surface height changes due to snow compaction. Below the initial 1.2 m depth level, the snow density was held constant, but different values were used in numerous runs (see below) since field data showed that density changes were small, increasing marginally, down to the 10 m depth used as the lower boundary in the model [e.g., Albert and Shultz, 2002] . In the course of a model run, subsurface temperature, snow density (here in the mentioned near-surface layer), and snow depth (and thus surface height) evolve in response to the hourly MB and SEB variability.
The MB model was run with 1000 different parameter combinations. If the model is applied in a spatially distributed mode, the number of variable parameters for this Monte Carlo approach is around 30 [Mölg et al., 2012 [Mölg et al., , 2014 . With the large number of measured input variables used in this study, and only the requirement to run the model in point mode, the number of parameters was reduced to 8 (Table 2) . Usually, the "density of To carefully assess the performance of the MB model, the 1000 model results were compared to (i) measured radiative surface temperature (T sfc ), (ii) measured surface height change, (iii) measured subsurface temperature profiles in summer 2000 and summer 2001, and (iv) eddy correlation measurements. While we found that subsurface temperatures can be modeled more accurately if the number of subsurface layers is increased, which has also been reported in other modeling studies [Dadic et al., 2008] , the chosen layer structure is a compromise between the computational demand of 1000 runs and a reasonable representation of the subsurface temperature field. Further details about the modeling evaluation are provided in section 3.2 3. Results
Meteorological Conditions
The atmospheric conditions at Summit are unique by virtue of its high altitude and latitude. The polar night (defined as SW↓ at the top of the atmosphere (TOA) = 0) lasts 87 days between 9 November and 3 February (Figure 1a) . The average SW↓ during the measurement period was 146 W m
À2
, which is slightly higher than reported by van den Broeke et al. ) using ETH data. The physical processes controlling the transmission of SW↓ have not been fully investigated but are dependent on atmospheric mass, water vapor content, solar zenith angle, surface albedo (multiple scattering between snow surface and cloud), and cloud optical thickness. The fraction of SW↓ that reached the surface compared to TOA was 0.76, which is consistent with Hoch [2005] but is higher than reported by others [e.g., Konzelmann and Ohmura, 1995; van den Broeke et al., 2008b] . Because of the high albedo at Summit (average 0.82), only 14% of SW↓ at TOA is absorbed at the surface.
The variability in atmospheric temperature and emissivity, as captured by LW↓, was controlled by changes in cloud cover (Figure 1b) . Despite a seasonal variability in LW↓, high values during the polar night were not uncommon, demonstrating the importance of cloud cover as an energy source during periods without sunlight. These events are also evident in the air temperature and humidity records (Figures 1c and 1d) , which like LW↓ also show distinct seasonal variability. The mean air temperature was À29.1°C, which is the same as reported by Steffen and Box [2001] . An air temperature reconstruction by Shuman et al. [2001] for the period 1987-1999 also established the same mean for Summit. Low air temperatures during winter result in the atmosphere having very little capacity to hold moisture (Figure 1d) , while during summer, vapor pressures reached a maximum of just over 5 hPa. The mean vapor pressure at Summit was less than 1 hPa, which is extremely low even when compared to coastal stations in Greenland.
The mean (maximum) wind speed was 4.3 (26.4) m s À1 , with the strongest winds occurring during winter (Figure 1e ), while wind directions at Summit were mostly between the SSE and SSW sectors (not shown). Precipitation as determined from the regional climate model MAR was 235 mm WE yr À1 (Figure 1f ), which is slightly less (15 mm WE yr À1 ) than estimates of accumulation obtained from density measurements from snow pits in the vicinity of AWS1 during the measurement period. Ohmura et al. [1999] reported that the average accumulation for the dry snow zone was 195 mm WE yr
À1
, while density profiles obtained monthly from shallow snow pits revealed that 250 mm WE accumulated at Summit during the period August 2001 to August 2002 [Dibb and Fahnestock, 2004] .
Model Evaluation
The performance of the MB model to reproduce observed surface temperature and surface height change using 1000 different parameter combinations is shown in Figure 2 . It is crucial that modeled surface temperature is carefully reproduced as it determines all surface fluxes except net shortwave Journal of Geophysical Research: Atmospheres 10.1002/2014JD021557 radiation (SW NET ), QPS, and LW↓. Importantly, Figure 2 (top) shows that modeled surface temperatures are in good agreement with observations, with the RMSD equal to 1.7 K. The small range in uncertainty (0.65 K) in each of the simulations demonstrates that different parameter combinations did not lead to strong negative or positive biases in the modeled surface temperature. The lowest RMSD (1.5 K) was observed in model run 444, which is used to characterize the energy and mass balance in the following section. Run 444 does not show a combination of extreme parameter values (Table 2) , which is important in the context of the lowest RMSD. The mean surface temperature for this principal model run is À31.7°C, which is slightly lower than both the observed mean, assuming an emissivity of 1 (À30.3°C) and a reconstruction of average snow temperature at Summit over the past 4000 years that was estimated to be À30.7°C, with a standard deviation of 1.0°C [Kobashi et al., 2011] . Importantly, the temperature gradient between atmosphere and surface typically leads to a strong stability at Summit, although periods of instability in summer do occur [e.g., Cullen and Steffen, 2001 ].
The MB model also reproduces surface height change, as determined from stake measurements, very well (Figure 2, bottom) . The mean RMSD for all runs is only 5.7 cm, which could easily fall within the expected uncertainty associated with the stake forest not being at the same location as the model input data. The MB model shows less increase in surface height during the summer periods as compared to observations, which is difficult to provide a single explanation for, but may also be related to the treatment of compaction in the MB model [Mölg et al., 2012] . Dibb and Fahnestock [2004] observed rapid compaction of surface snow in late spring and early summer compared to other periods, which did result in smaller changes in surface height during the summers of 2001 and 2002 despite observations showing higher than average snowfalls during these periods. The precipitation data used in this study does not show marked increases during summer (Figure 1f ), which could also help explain the discrepancy. Figure 3 (top), subsurface temperatures were reproduced very well at the start of the measurement period, which could only be achieved by allowing a fraction of SW NET to penetrate into the subsurface. As noted by Kuipers Munneke et al. [2009] , the penetration of shortwave radiation into the snowpack at Summit provides an additional mechanism to deliver energy below the surface, enabling a more rapid transfer of energy into the snow during summer. Despite the depth of the temperature string measurements being less certain after 12 months of accumulation, Figure 3 (bottom) shows that there is a satisfactory agreement between measured and modeled subsurface temperatures 379 days into the model run. The model envelope at temperatures greater than 245 K sits slightly "above" the measured values, suggesting that modeled subsurface temperatures are slightly lower than those observed. This is possibly favored by the usage of a monochromatic extinction coefficient (Table 2) in the model [Mölg et al., 2008] . Nevertheless, the comparison supports the implementation of a penetrating shortwave radiation module in the MB model as suggested by Kuipers Munneke et al. Given the emphasis on water vapor exchanges, in this study, modeled QL is compared to measured values, which were obtained using eddy correlation instruments 2 m above the surface during the summers of 2000 and 2001 [Cullen and Steffen, 2001; Cullen et al., 2007b] . Even though there is a negative bias in modeled QL over all 1000 simulations (mean measured: À1.5 W m Journal of Geophysical Research: Atmospheres
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model run used to characterize the energy and mass balance in this study (run 444) compares more favorably (3.0 W m À2 ) than the mean from all 1000 runs, while the correlation coefficient (r = 0.84) is very close to the average. This gives us confidence in our assessment of QL and critically the variability in sublimation and deposition over the measurement period. However, the remaining 999 runs are also considered further in order to characterize the uncertainty of key results, including the mean for QL presented in the following section, as there is no group of runs that shows an unrealistic behavior in the evaluation steps above.
Seasonal Variability in Energy Exchanges
The seasonal variability in the energy balance at Summit is shown in Figure 5 , while monthly changes in individual radiation and energy balance terms are given in Table 3 . The surface radiation budget in summer is characterized by some of the highest SW↓ values in the northern hemisphere due to the 24 hour sunlight and persistent clear skies (Table 3) . However, the impact of global radiation on the energy balance is to a large extent limited because the dry snow at Summit is so reflective, with SW NET only close to or above 60 W m À2 for 3 months yr
À1
(May, June, and July). Though not investigated further here, the combined effect of changes in cloudiness and albedo are understood to play a role in SW NET peaking in June at Summit . In the absence of sunlight, radiative exchanges are restricted to the infrared region of the electromagnetic spectrum ( Figure 5 ). Despite the very low sky and surface temperatures during winter, the energy loss from net longwave radiation (LW NET ) is markedly less than summer, when a rapid increase in surface temperature results in high LW↑ values (Table 3) . This is important as it restricts the effect of increases in SW↓ during summer, with monthly net all wave radiation (R NET ) values never exceeding 20 W m
À2
. R NET is positive between May and August (energy gain to the surface), but the surface is otherwise in radiative deficit, with the average annual loss equal to À7 W m À2 over the 2 year period.
The primary energy balance term to compensate for the radiative loss at the surface at Summit is QS, which is, on average, directed toward the surface during all months of the year (Table 3 ). The magnitude of QS is greatest during winter ( Figure 5 ), when strongly stable atmospheric conditions lead to persistent temperature inversions. During summer, the atmosphere is often unstable during the daytime [Cullen and Steffen, 2001 ], but as a monthly average, the heat gradient is still toward the surface, although the diurnal change in the sign of QS results in small monthly values. The largest nonradiative flux away from the surface during summer is QG, which is the sum of the conductive heat flux (QC) and penetrating shortwave radiation (QPS). In the absence of sunlight, the subsurface is a heat source through conduction (QC), with QG being the largest nonradiative term after QS during winter. The heat exchanges associated with the change in phase of water are very small in all seasons, with average QL over the measurement period equal to 0.4 (±0.2) W m
, where the uncertainty is equal to the standard deviation of all 1000 runs. It should be noted that QL to two decimal precision is 0.37 (±0.19) W m À2 , which is used to calculate mass gain in the following section. This small, positive value in QL suggests that on average, the water vapor gradient is toward the surface, resulting in a net gain of mass annually. Figure 5 shows that the water vapor gradient is toward the surface during winter (deposition), while during summer, a small amount is lost to the atmosphere (sublimation). While QL is on average not important energetically, we will explore its role in mass gain and loss at Summit and the dry snow zone more broadly in the following section.
Discussion
The calculated MB over the 2 year measurement period was 478.8 mm WE, with total solid precipitation equal to 470.6 mm WE. The mass gain through deposition of water vapor (4.1 mm WE yr À1 ) represents only a small fraction of the total accumulation (<2%), in part because of the change in sign of the water vapor flux from winter (deposition) to summer (sublimation). The mass gain (loss) from deposition (sublimation) over the entire period (2 years) was 26.4 (18.2) mm WE, which if assumed to be representative of the entire dry snow zone (40% of the total ice sheet area) corresponds to a mass gain of 5.5 Gt yr À1 (this is calculated using an ice sheet area equal to the "common mask" defined by Vernon et al. [2012, p. 603] ). There is little doubt that the water vapor exchange on the top of the GrIS has a seasonal cycle ( Figure 5 ), but uncertainty exists about the magnitude of QL in summer versus winter, which ultimately controls whether there is a mass gain or loss associated with the annual flux in the dry snow zone. For example, evaporation estimates from highresolution GCM experiments (ECHAM3 above 1500 m) by Ohmura et al. [1999] indicated that water vapor is lost to the atmosphere in the interior of the GrIS over an annual cycle. These modeling results were later supported by Hoch [2005] from an observational period similar to the one presented in this study, with mass loss from sublimation (32 mm WE yr À1 ) at Summit thought to remove about 10% of the mass gain from annual precipitation. The monthly values were calculated from all available hourly data (N = 17,568 h) for each month interval over the 2 year period (17 June 2000 to 18 June 2002). Averaged hourly data over the entire measurement period is also given (2YR). The months start with January (J) and finish with December (D). Atmospheric variable names are defined in the caption of Figure 1 , while all radiation and energy balance variable names are given in the text. All variables are rounded to one decimal place.
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The challenge of calculating robust estimates of sublimation in the dry snow zone from automated weather station observations is demonstrated by Box and Steffen [2001] , who used two methods (one (bulk) and two (profile) measurement levels) to characterize seasonal variability in water vapor exchange. As discussed by the authors, the method chosen can influence both the sign and magnitude of the annual sublimation calculated for sites in the dry snow zone. At Summit, the one-level method resulted in a mass loss (10 mm WE yr À1 ), while application of the two-level method (profile of instruments) produced a mass gain (18 mm WE yr À1 ) , see Table 6 ]. There is a better agreement in the ablation areas, where mass loss through evaporation and sublimation is larger than any uncertainty associated with method. A careful assessment of the surface MB of the GrIS using a regional climate model (RCM) by Box et al. [2006] also involved comparing modeled sublimation values to those determined from AWS data. The evaluation helped identify a negative (deposition) bias in the RCM (Polar MM5) due to overly strong surface temperature inversions, which was corrected based on the two-level method to calculate the water vapor flux . With correction, the Polar MM5 water vapor flux in the dry snow zone of the GrIS was found to be directed toward the surface [Box et al., 2006, Figure 7] , with values at Summit similar or slightly less than that reported by Box and Steffen [2001] using the two-level method. Other recent regional climate modeling efforts are in agreement with the average annual net surface water vapor flux resulting in a mass gain (deposition) on the higher parts of the ice sheet [e.g., Ettema et al., 2010b; Fettweis et al., 2013a] .
It could be argued that the cancelling effect of the water vapor flux in the dry snow zone, from deposition during winter to sublimation in summer, makes the term somewhat unimportant in determining MB, especially as mass loss from drifting snow sublimation is likely to be as large or greater than the losses from surface sublimation [e.g., Lenaerts et al., 2012] . However, as pointed out by van den Broeke et al. [2004a, p. 571] , when assessing the surface MB in Antarctica, small mean turbulent latent heat fluxes can still be important for the mass "household" of large ice sheets. If QL is positive or negative 1 W m À2 annually, it can either add or remove about 11 mm WE yr À1 of snow. Importantly, if the sign of an annual water vapor flux with a magnitude equal to 1 W m À2 is found to be directed toward the surface (deposition) over the entire dry snow zone of the GrIS, when in fact it should be the same magnitude away from the surface (sublimation), the difference in volume is approximately 15 Gt yr À1 . Thus, the sign and magnitude of the small QL values reported by different authors for Summit and elsewhere in the dry snow zone of the GrIS are important and require careful scrutiny.
To evaluate our own estimate of QL, we show the full distribution of values obtained from the 1000 different parameter combinations (Figure 6 ), which reveals that during the measurement period, the mean annual values range between ±0.5 W m
À2
, with the largest count slightly positive (deposition) and equal in magnitude to the primary model run used in this study (run 444). It is clear that the water vapor flux at Summit is most likely small but can result in either a mass gain or loss. Figure 6 also shows that the range of values for deposition is more tightly constrained than those for sublimation, suggesting that mass loss in summer might be more vulnerable to changes in climate. To explore this, we assess the qualitative change to the water vapor flux (Figure 6 ) in a warming climate by considering the extreme summer in 2012, where surface melt extended across almost the entire ice sheet [Nghiem et al., 2012] . In general, anomalously high-pressure conditions and advection of warm air over Greenland were the major contributors to the exceptional melt season in 2012 Hanna et al., 2013b] . At Summit, the presence of optically thin and liquid water-containing clouds was shown to play a key role in the modification of the near-surface moisture and radiation budget and thus the near-surface air temperature [Bennartz et al., 2013] . Further, albedo lowering must be expected during enhanced surface melt in the course of a positive feedback [Franco et al., 2013] . In light of this evidence, we repeated the 1000 model runs but modified the following input: SW↓, LW↓, surface albedo, and 2 m air temperature and relative humidity. This was simply done by adding to every day of the study period the respective daily mean differences of these variables between 2012 and 2000-2002, which occur in the MAR data at Summit [Fettweis et al., 2013a] .
The results illustrate that QL is shifted toward more negative values in a warming atmosphere (Figure 6 ), with sublimation increasing on average by 4.5 mm WE yr
À1
. However, deposition increases as well (3.2 mm WE yr À1 ) due to higher water vapor pressure in the air, but the increase is less than for sublimation resulting in mean QL shifting from a positive (mass gain) to a slightly negative (mass loss) value in the warming scenario. Since surface roughness and wind speed were not altered in the warming experiment, one logical explanation for the increase in mass turnover ( Figure 6 ) is a change in the gradient of water vapor pressure between surface and the air (here 2 m). For the modeled 2000-2002 conditions, this gradient amounts to À0.12 hPa m À1 and barely changes in the warming scenario (À0.10 hPa m
) during sublimation, but an increase in the gradient is noticeable during deposition (from 0.04 to 0.10 hPa m À1 ). A second possible reason is a change in the thermodynamic stratification of the near-surface layer, and this factor in turn clearly enhances sublimation due to greater instability in the warming scenario (the bulk Richardson number changes from À5.6 × 10 À3 to À1.2 × 10
À2
). During deposition, by contrast, the stability increases in the warming scenario and restricts changes to the water vapor flux (the Richardson number changes from 2.4 × 10 À2 to 3.1 × 10
). Regardless of the relative contributions of gradient and stability changes, the warming scenario suggests that the mass fluxes associated with QL will, at the very least, reduce the mass budget at Summit by a few mm yr À1 if warming continues in the future. This reduction in the mass budget has the potential to be larger should warming lead to a long-term shift from net deposition to sublimation in the dry snow zone.
Conclusions
Two years of meteorological and glaciological data collected at Summit allowed us to characterize the seasonal variability of mass and energy exchanges on top of the GrIS. The highÀquality data from 2000 to 2002 were used as input to run a climatic MB model, with a Monte Carlo approach using 1000 different parameter combinations adopted to investigate parametric and structural uncertainties. The realism of the 1000 model results was supported by measured surface and subsurface temperatures, changes in surface height, and eddy correlation data. The subsurface temperatures could not be reproduced without allowing a fraction of SW NET to penetrate into the surface as observed by Kuipers Munneke et al. [2009] .
The high reflectivity of the dry snow (average 0.82) restricts the impact of SW↓ on the energy balance at Summit during summer, with SW NET only close to or greater than 60 W m À2 in May, June, and July. The rapid increase in surface temperatures in summer results in high LW↑ values, with energy loss from LW NET largest in June. This restricts the effect of increases in SW↓ in summer, with R NET small (<20 W m À2 ) but positive between May and August. Radiative exchanges are restricted to the infrared part of the electromagnetic spectrum during the polar night, with the magnitude of LW↑ exceeding LW↓ (radiation deficit). A persistent temperature inversion during winter results in QS being directed toward the surface and is the primary energy balance term to compensate for the annual deficit in R NET , which over the 2 year measurement period was À7 W m
À2
. The atmosphere during summer is often characterized by a smaller surface air gradient in temperature, reducing the magnitude of QS, with QG becoming the largest nonradiative energy balance term. The energy associated with QL results in mass loss during summer (sublimation) and mass gain in winter (deposition), with the difference equal to a gain of 4.1 mm WE yr
À1
. If this observed deposition rate is assumed to be representative of the entire dry snow zone (40% of the total ice sheet area), the net gain in mass is expected to be approximately 5.5 Gt yr
.
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Even though annual mass gain from deposition represents only a small fraction of the snow accumulation (<2%), a change in the sign and magnitude of the water vapor flux over the entire dry snow zone has the potential to have a noticeable effect on MB. Assessment of all 1000 model runs suggests that mean annual QL values are most likely slightly positive (deposition), but it cannot be completely ruled out that sublimation may occur on an annual basis. A warming scenario based on 2012 atmospheric conditions, where an extreme melt event took place, suggests that QL will be shifted toward more negative (sublimation) values, which could result in a change in sign in the annual water vapor flux from deposition (mass gain) to sublimation (mass loss). To fully resolve whether sublimation will in fact dominate water vapor exchanges in a future that is characterized by warming, there is a need to obtain higher quality humidity measurements in the dry snow zone, in particular in winter, to allow the physical processes controlling the deposition of mass during the polar night to be examined. Determining the magnitude and direction of the water vapor flux in the dry snow zone of the GrIS will also not be possible without further efforts to understand the role of drifting snow sublimation [e.g., Lenaerts et al., 2012] , which has not been explicitly accounted for in this study.
